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http://dx.doi.org/10.1016/j.jfma.201Background/Purpose: MicroRNA-208a (miR208a) and mechanical stress play a key role in car-
diac hypertrophy. The relationship between miR208a and mechanical stress in cultured cardi-
omyocytes has not been investigated. The molecular mechanisms underlying miR208a-induced
hypertrophy of cardiomyocytes by mechanical stress is poorly understood. This study investi-
gated whether miR208a is a critical regulator in cardiomyocyte hypertrophy under mechanical
stretch.
Methods: Neonatal rat cardiomyocytes grown on a flexible membrane base were stretched at
60 cycles/minute. MiR real-time quantitative assays were used to quantify miRs. A quantitative
sandwich enzyme immunoassay technique was used to measure transforming growth factor-b1
(TGF-b1). A 3H-proline incorporation assay was used to measure protein synthesis.
Results: Mechanical stretch significantly enhanced miR208a expression. Stretch significantly
induced cardiomyocyte hypertrophic protein expression such as b-myosin heavy chain (MHCb),
thyroid hormone receptor-associated protein 100, myostatin, connexin 40, GATA4, and brain
natriuretic peptide. MHCa was not induced by stretch. Overexpression of miR208a significantly
increased MHCb protein expression while pretreatment with antagomir208a significantly atte-
nuated MHCb protein expression induced by stretch and overexpression of miR208a.ardiology, Shin Kong Wu Ho-Su Memorial Hospital, 95, Wen-Chang Road, Taipei, Taiwan.
t.net (K.-G. Shyu).
ight ª 2013, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.
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636 B.-W. Wang et al.Mechanical stretch significantly increased the secretion of TGF-b1 from cultured cardiomyo-
cytes. Exogenous addition of TGF-b1 recombinant protein significantly increased miR208a ex-
pression and pretreatment with TGF-b1 antibody attenuated miR208a expression induced by
stretch. Mechanical stretch and overexpression of miR208a increased protein synthesis while
antagomir208a attenuated protein synthesis induced by stretch and overexpression of
miR208a.
Conclusion: Cyclic stretch enhances miR208a expression in cultured rat cardiomyocytes.
MiR208a plays a role in stretch-induced cardiac hypertrophy. The stretch-induced miR208a is
mediated by TGF-b1.
Copyright ª 2013, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.Introduction
MicroRNAs (miRs) play a key role in many status of car-
diovascular development, progression of cardiac hypertro-
phy and pathological remodeling.1,2 Cardiomyocyte
hypertrophy is the dominant cellular response to virtually
all forms of hemodynamic overload, endocrine disorders,
and myocardial injury.3 Stress-mediated myocardial hy-
pertrophy is a complex phenomenon associated with
numerous adverse consequences with distinct molecular
and histological characteristics causing the heart to dilate
and decompensate, which, through cardiomyocyte degen-
eration and death, often results in heart failure.
Another hallmark of pathological hypertrophy and heart
failure is the reactivation of a set of fetal cardiac genes,
including those encoding atrial natriuretic peptide, brain
natriuretic peptide (BNP), and fetal isoforms of contractile
proteins, such as skeletal a-actin and b-myosin heavy chain
(MHCb). These genes are typically repressed postnatally and
replaced by the expression of a set of adult cardiac genes.4
The consequences of fetal gene expression on cardiac func-
tion and remodeling are not completely understood, but the
upregulation of MHCb, a slow ATPase, and downregulation of
MHCa, a fast-contracting ATPase, in response to stress has
been implicated in thediminution of cardiac function.5MHCb
is the predominant myosin isoform expressed in the heart
prenatally whereas MHCa is upregulated after birth. Thyroid
hormone signaling soon after birth provides the stimulus for
the switch from MHCb to MHCa.6
Several miRs are differentially expressed in cardiac hy-
pertrophy. MiR-1, miR-133, miR-29, miR-30, and miR-150
are downregulated whereas miR-23a, miR-24, miR-125,
miR-129, miR-195, miR-199, miR-212, and miR-208 are
upregulated.7 Encoded within intron 27 of the gene
encoding MHCa is miR208. Like MHCa, miR208 is expressed
specifically in the heart with trace expression in the lung.8
MiR208a is also essential for expression of the genes
involved in cardiac hypertrophic growth.
Mechanical stress is both a cause and consequence of
heart diseases. It could trigger the initial steps toward car-
diac myocytes degeneration and death, which play a critical
role in themaladaptive myocardial hypertrophy, remodeling
and heart failure.9,10 As the later event ofmechanical stress,
the expression of several genes is modulated either qual-
itatively or quantitatively. AlthoughmiR208was upregulated
and cardiac hypertrophy was induced in thoracic aortic
banding,8 stress and hormone signaling are involved in thethoracic aortic banding model. The relationship between
miR208a and mechanical stress in cultured cardiomyocytes
has not been clearly demonstrated yet. The molecular reg-
ulatory mechanisms underlying miR208a-induced hypertro-
phy of cardiomyocytes by mechanical stress is still poorly
understood. The in vivo hemodynamic overload could be
mimicked by the in vitromechanical stretch system.10 Thus,
the study was designed to investigate whether miR208a is
a critical regulator in cardiomyocyte hypertrophy under
mechanical stretch.
Materials and methods
Primary cardiomyocytes culture
Hearts from 2e3-day-old neonatal Wistar rats were used for
the study. The atrium and ventricle were divided andminced
separately. The minced tissues were then subjected to
trypsin (0.125%) digestions in a balanced salt solution. The
disaggregated cells were collected by centrifugation at
300  g for 10 minutes. The cell pellet was resuspended in
serum-containing medium (80% F10 nutrient mixture, 20%
fetal bovine serum, 1% penicillinestreptomycin), plated into
a Petri dish, and kept for 2.5 hours in a 5% CO2 atmosphere at
37C to let the cells attach to the dish. The suspended non-
attachedmyocytes in themediumwere collected and plated
at a density of 1.67  106 cells/well on to six-well Flexcell I
flexible membrane dishes coated with Collagen I (Flex I Cul-
ture Plates Collagen I; Flexcell International, Hillborough,
NC, USA). After 2 days in culture, cells were transferred to
serum-free medium (Ham’s F-12:DMEM Z 1:1) and main-
tained for another 2 days. Cultured myocytes thus obtained
were >90% pure as revealed by observation of contractile
characteristics with a light microscope and stainedwith anti-
desmin antibody. The enriched myocytes were then sub-
jected to cyclic stretch. All animal procedures were per-
formed in accordance with institutional guideline and
conformed to the Guide for the Care and Use of Laboratory
Animals as published by the US National Institutes of Health.
In vitro cyclic stretch on cultured cardiac myocytes
The Flexcell FX-2000 strain unit (Flexcell International)
consists of a vacuum unit linked to a valve controlled by
a computer program. Cardiomyocytes cultured on the flexi-
ble membrane base were subjected to cyclic stretch pro-
duced by this computer-controlled application of sinusoidal
Stretch activates miR208a via TGF-b1 637negative pressure with a peak level of w15 kPa at a fre-
quency of 1 Hz (60 cycles/min) for various periods of time.
Different antibodieswith TGF-b1 antibody at 5mg/mL, tumor
necrosis factor-a (TNF-a) antibodyat 5mg/mL, or angiotensin
II (Ang II) antibody at 5 mg/mL were added 30 minutes before
stretch to block the effect of humoral factors.
RNA integrity control
Total RNA quality control was performed with the 2100
Bioanalyzer using Eukaryote total RNA Nano Assay (Agilent
Technologies, Waldbronn, Germany) essentially following
the protocol from the manufacturer. For visualization and
better interpretation, an electropherogram and a virtual
gel image were generated. The 28S/18S ratio was calcu-
lated by assessing the peaks recorded in the electro-
pherogram and the bands occurring on the gel-like image.
All chips were done as duplicates.
Quantitative analysis of microRNAs
Total RNA from cardiac myocytes was isolated using Trizol
Reagent (Invitrogen, Life Technologies, Grand Island, NY,
USA) according to the manufacturer’s instructions. TaqMan
MicroRNA real-time quantitative assays were used to
quantitate miRs in all of our studies. In brief, each 15 mL RT
reaction contained purified 10 ng of total RNA, 3 mL miR-
208 RT primer (Applied Biosystems, Life Technologies,
Grand Island, NY, USA), 1 RT buffer (Applied Biosystems),
0.25 mM each of dNTPs, 3.33 U/mL MultiScribe reverse
transcriptase (Applied Biosystems) and 0.25 U/mL RNase
inhibitor (Applied Biosystems). The reactions were incu-
bated in an Applied Biosystems 9700 Thermocycler in a 96-
well plate for 30 minutes at 16C, 30 minutes at 42C,
followed by 5 minutes at 85C, and then held at 4C. Each
real-time PCR for each microRNA assay (20 mL volume) was
carried out in triplicate, and each 20 mL reaction mixture
included 1.33 mL of RT product, 10 mL of 2 TaqMan Uni-
versal PCR Master Mix, 1 mL 20 TaqMan MicroRNA assay.
The reaction was incubated in an Applied Biosystems 7300
Real-Time PCR System in 96-well plate at 95C for 10
minutes, followed by 40 cycles of 95C for 15 seconds and
60C for 1 minutes. The results of quantitative RT-PCR
were normalized to that of U6. The sequences of U6
primers were forward, 50-GCTTCGGCAGCACATATACTAA-30;
reverse 50-AACGCTTCACGAATTTGCGT-30. All fold changes
between samples were determined using the DDCT
method.11
Construction and delivery of miR208a expression
vector
A 71-bp rat-miR208a precursor construct was generated as
follows. Genomic DNA was amplified with forward primer,
CAACAGAAGTGCTTGGAAG and reverse primer, GGCTGATC
GACGGTAGCT. The 165-bp amplified product was digested
with EcoRI and BamHI restriction enzymes and ligated into
pmR-ZsGreen1 plasmid vector (coexpression miR208 and
green fluorescent protein; Clontech Laboratories, Moun-
tain View, CA, USA) digested with the same enzymes. The
constructed plasmid was transfected into cardiac myocytesusing a low pressure-accelerated gene gun (Bioware
Technologies, Taipei, Taiwan) essentially following the
protocol from the manufacturer. In brief, 2 mg of plasmid
DNA was suspended in 5 ml of PBS and was delivered to the
cultured cardiac myocytes at a helium pressure of
776 mmHg. The transfective efficiency of using this method
is 30%.Western blot analysis
Cells were homogenized in modified RIPA buffer as described
previously.12 Equal amounts of protein (30 mg) were loaded
into a 10% SDS-polyacrylamide minigel, followed by electro-
phoresis. Protein samples were mixed with sample buffer,
boiled for 10 minutes, separated by SDS-PAGE under dena-
turing conditions, and electroblotted to nitrocellulose
membranes. The blots were incubated overnight in Tris-
buffered saline containing 5% milk to block nonspecific
binding of the antibody. Proteins of interest (MHCa, MHCb),
thyroid hormone receptor-associated protein 100 [TRAP100],
myostatin, connexin 40, GATA4 and BNP were revealed with
specific antibodies as indicated (1:200 dilution) for 1 hour at
room temperature followed by incubation with a 1:10000
dilution of horseradish peroxidase-conjugated polyclonal
anti-goat antibody for 1 hour at room temperature. Signals
were visualized by chemiluminescent detection. Equal pro-
tein loading of the samples was further verified by staining
with a monoclonal antibody for actin. All western blots were
quantified using densitometry.Measurement of TGF-b1 concentration
Conditionedmedia from stretched cardiacmyocytes and those
from control (unstretched) cells were collected for TGF-b1
measurement. The level of TGF-b1 was measured by a quanti-
tative sandwich enzyme immunoassay technique (R&D Sys-
tems,Minneapolis,MN,USA).The lower limitofdetectionof rat
TGF-b1 ranged from 1.7 to 15.4 pg/mL. Both the intraobserver
and interobserver coefficients of variance were<10%.Protein synthesis assay
Cardiac myocytes were cultured with serum-free medium
in ViewPlate for 60 minutes (Packard Instrument Co., Mer-
iden, CT, USA). The cells were then labeled with 100 mCi/
mL 3H-proline for 0 hours (control), 2 hours, 4 hours, 6
hours, and 8 hours. Cells were washed twice with PBS.
MicroScint-20 (50 mL) was added and the plate was read
with TopCount (Packard Instrument Co.).Statistical analysis
The data are expressed as mean  standard error of the
mean. Statistical significance was performed with analysis
of variance followed by Dunnett’s test for experiments
consisting of more than two groups and with Student’s t test
for stretch at 10% and 20%. A value of p < 0.05 was con-
sidered to denote statistical significance.
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Mechanical stretch induces miR208a expression in
cultured cardiomyocytes
The quality of RNA used for miR was tested by Agilent 2100
Bioanalyzer and as shown in Supplement FigureA. Thequality
of RNA is excellent. TaqManmicroRNA real-time quantitative
PCR assays showed that miR208a expression was significantly
inducedbymechanical stretchof 20% for4hours (Supplement
FigureB). Thesefindings indicate thatmiR208a in cultured rat
neonatal cardiomyocytes is activated after mechanical
stretch. As 4 hours was the most effective induction time for
miR208a expression, 4 hours was used in subsequentFigure 1 Mechanical stretch enhances the protein level of MHC
cultured cardiomyocytes in a time-dependent manner. (A) Represen
stretch for various periods of time. (B) Quantitative analysis of ta
been normalized to matched a-tubulin (n Z 3 per group). *p < 0.0experiments as the mechanical stretch stimulation. A cyclic
stretch of 20% elongation for 2e8 hours did not induce
miR208b andmiR133 expression in neonatal cardiomyocytes.
MiR208a acts as a regulator for cardiomyocyte
hypertrophy
In order to demonstrate that miR208 acts as a regulatory
factor in mediating stretch-related gene in cardiomyocytes,
six candidate genes involved in cardiac hypertrophic growth
were chosen, including MHCa and b, TRAP100, BNP, GATA-4,
and connexin 40. In the time-course experiments, protein
level of these candidate genes were determined by Western
blot analysis, which revealed that these target proteinsb, TRAP100, BNP, GATA-4, and connexin 40, but not MHCa in
tative Western blot for target proteins in cardiomyocytes after
rget proteins. The values from stretched cardiomyocytes have
01 versus control; **p < 0.01 versus control.
Figure 2 Construct of miR208a and miR208 antagomir expression vector. (A) The 165 bp amplified miR208a precursor was
digested with EcoRI and BamHI restriction enzymes and ligated into pmR-ZsGreen1 plasmid vector (coexpression of miR208a and
green fluorescent protein, Clontech) digested with the same enzymes. (B) MiR208a antagomir precursor construct was generated in
pmR-ZsGreen1 plasmid vector.
Stretch activates miR208a via TGF-b1 639significantly increased at 8e24 hours after mechanical
stretch except MHCa (Fig. 1A and B). After that, a 71-bp
miR208 precursor construct was generated, including
miR208a wild type, miR208a mutant, and miR208a antago-
mir (Fig. 2) and were used to explore the role of miR208a in
the six candidate genes.
Overexpression of miR-208a significantly increased
MHCb protein expression similar to the effect of stretch
(Fig. 3). Overexpression of miR208a did not increase the
protein expression of MHCa, TRAP100, BNP, GATA-4, or
connexin 40. Overexpression of mutant type of miR-208a
did not increase MHCb protein expression. Addition of
antagomir-208a significantly attenuated the increase of
MHCb protein expression induced by stretch and
overexpression of miR208a. These data indicate that
miR208 acts as a regulatory factor in mediating stretch-
induced expression of MHCb in cardiomyocytes, but not
of MHCa, TRAP100, BNP, GATA-4, and connexin 40
(Fig. 3).TGF-b1 mediates the expression of miR208a by
mechanical stretch
To investigate which humoral factors are involved in the
mechanical stress, different humoral factors were exo-
genously added to the culture medium. Exogenous addi-
tion of recombinant TGF-b1 (PeproTech Inc., Rocky Hill,
NJ, USA), but not TNF-a, or Ang II increased the expres-
sion of miR208a (Fig. 4A). Different antibodies were also
used to block the effect of humoral factors. As shown in
Fig, 4A, TGF-b1 antibody significantly attenuated the
expression of miR208a induced by stretch, while TNF-a,
Ang II, and control IgG antibodies did not affect the
expression of miR208a induced by stretch. Cyclic stretch
also significantly increased the secretion of TGF-b1 from
cultured cardiomyocytes after stretch of 20% for 1e8
hours (Fig. 4B). As shown in Fig. 5, TGF-b1 increased
miR208a expression in a dose-dependent manner. These
data indicate that TGF-b1 mediates the expression of
miR208a by mechanical stretch in cultured neonatal
cardiomyocytes.Mechanical stretch increases protein synthesis
Mechanical stretch of 20% for 16 hours significantly
increased protein synthesis as shown by 3H-proline incor-
poration assay in cultured cardiomyocytes (Fig. 6). Over-
expression of miR208a, but not mutant miR208a had
a similar effect on protein synthesis as mechanical stretch.
Pretreatment with antagomir208a attenuated the protein
synthesis induced by stretch and overexpression of miR-
208a.Discussion
MiRs are small, approximately 22-nucleotide noneprotein-
coding RNAs involved in the control of gene expression by
inhibiting mRNA translation and promoting mRNA degrada-
tion.13 So far, approximately 1000 miRs estimated to be
encoded in the human genomes are predicted to regulate at
least a third of all genes.14 MiRs are reported to be aber-
rantly expressed in hypertrophic heart.15 MiRs may become
putative novel therapeutic targets in cardiovascular
disease.16,17
MiR-133 has been shown to play a critical role in car-
diomyocyte hypertrophy.18 Care et al reported that pres-
sure overload by aortic constriction decreased expression
of miR-133 and overexpression of miR-133 inhibited cardiac
hypertrophy.18 In the present study, mechanical stretch
induced cardiomyocyte hypertrophy but did not affect the
expression of miR-133, indicating that miR-133 does not
involve the cardiomyocyte hypertrophy induced by me-
chanical stress.
Ang II and phenylephrine can induce cardiomyocyte hy-
pertrophy. Aortic banding increased the expression of miR-
21 and induced cardiac hypertrophy.18 Knockdown of miR-
21 expression can attenuate the hypertrophic effect of
Ang II and phenylephrine. MiR-199a has been reported to
maintain cardiomyocyte hypertrophy in rat aortic con-
striction model.19 Overexpression of miR-199a increased
myocyte size and knockdown expression of miR-199a
decreased myocyte size.19 Aortic banding also increased
miR208 expression.7 These results indicate that many miRs
Figure 3 MiR208a acts as a regulatory factor in mediating stretch-induced expression of MHCb in cardiomyocytes, but not of MHCa,
TRAP100, BNP, GATA-4, or connexin 40. (A) Representative Western blots for the levels of target proteins in cardiomyocytes stretch
alone, in the presence of overexpression of miR208a wild andmiR208a mutant type, stretch plus antogomir208a or miR208a wild type
plus antogomir208a. (B) Quantitative analysis of target protein levels. The values from stretched cardiomyocytes have been nor-
malized to values in control cells (nZ 3/group). *p < 0.001 versus control; xp < 0.01 versus stretch; þp < 0.01 versus miR-208a.
640 B.-W. Wang et al.are regulated in the pressure overload cardiac hypertrophy.
However, mechanical load and hormonal stimulation are
involved in the in vivo pressure cardiac hypertrophy. To
differentiate the effect of mechanical force or humoral
factors involving in the cardiac hypertrophy, we used the
mechanical stretch model to identify the role of mechani-
cal force in the regulation of miRs. In the present study,
exogenous addition of AngII and TNF-a recombinant protein
did not increase miR208a expression and antibodies of AngII
and TNF-a did not decrease the miR208a expression
induced by stretch, indicating that Ang II and TNF-a do not
play a role in the miR208a expression induced by mechan-
ical stretch. Mechanical stretch has been used to inves-
tigate miRs in endothelial cells and smooth muscle cells.
6,20,21 Our study is the first to investigate the regulation of
miR208a by mechanical stretch in cardiac cells.In the present study, we found that mechanical stretch
induces secretion of TGF-b1 from cultured cardiac myo-
cytes and TGF-b1 acts as autocrine factor to mediate the
miR208a expression induced by mechanical stretch. TGF-b1
had the similar effect on miR208a expression as mechanical
stretch. Furthermore, TGF-b1 antibody attenuated the
stretch effect on miR208a expression. Cardiac myocytes
respond to increased mechanical load and hormonal stim-
ulation by hypertrophic growth.22 TGF-b1 has been dem-
onstrated to play a pivotal role in pathological pressure
overload and myocardial hypertrophy.23,24 Taking the
in vitro and in vivo data together, TGF-b1 may play a major
role in mechanical load and hormonal stimulation for the
upregulation of miR208a in cardiac myocytes.
A clue to the mechanism of action of miR208 comes from
the resemblance of miR208/ hearts to hyperthyroid
BA
Figure 4 TGF-b1 mediates the expression of miR208a by mechanical stretch in cultured cardiomyocytes. (A) TaqMan microRNA
real-time quantitative PCR assays (Applied Biosystems) for miR208a in cardiomyocytes subjected to stretch 20% for 4 hours in the
presence of TGF-b1 (5 mg/mL) antibody, TNF-a (5 mg/mL) antibody, or Ang II antibody (5 mg/mL), or exogenous addition of TGF-b1
(200 pg/mL), TNF-a (500 pg/mL), or Ang II (10 ng/mL) recombinant protein without stretch. *p < 0.001 versus control; þp < 0.01
versus stretch (n Z 4/group). (B) Mechanical stretch increases release of TGF-b1 from cultured cardiomyocytes subjected to
stretch at 20% elongation for various periods of time. Cultured cardiomyocytes were stretched for various periods of time and the
cultured medium was collected for measurement of TGF-b1 via ELISA. *p < 0.001 versus control; **p < 0.01 versus control (nZ 3/
group).
Stretch activates miR208a via TGF-b1 641hearts, both of which display a block in MHCb expression,
upregulation of stress-response genes, and protection
against pathological hypertrophy and fibrosis.25 MiR208 acts,
at least in part, by repressing expression of a common com-
ponent of stress-response and thyroid hormone-signaling
pathways in the heart. Among the strongest predicted tar-
gets of miR208 is TRAP100, which can exert positive and
negative effects on transcription.26,27 Since even a subtle
shift in the balance of MHCa versus MHCb expression toward
MHCb reducesmechanical performance and efficiency of the
adult heart,5 it might be of therapeutic value to exploit
miR208 regulation to prevent an increase in MHCb expression
during cardiac disease. TRAP100,myostatin, connexin 40 andGATA4 have been reported to be the target genes of
miR208.28 In the present study,mechanical stretch increased
MHCb, TRAP100, BNP, GATA4, and connexin 40 protein
expression. However, overexpression of miR208a only
increased MHCb protein expression and antagomir208a
inhibited the MHCb, TRAP100, BNP, GATA4, and connexin 40-
protein expression induced by mechanical stretch. These
data implicate that MHCb is the target gene ofmir208a in the
in vitro mechanical stretch model. Although miR has been
demonstrated to regulate gene expression by repressing
translation or directing sequence-specific degradation of
complementary mRNA,13 miR may also function to induce
gene expression.29 MiR induced gene expression by targeting
Figure 6 Mechanical stretch increases protein synthesis in
cultured cardiomyocytes. Quantitative analysis of protein
synthesis of cultured cardiomyocytes was measured by 3H-
proline incorporation assay (n Z 4/group). *p < 0.001 versus
control; þp < 0.01 versus stretch 16 hours; þþp < 0.01 versus
miR208a.
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Figure 5 TGF-b1 increases miR208a expression in a dose-
dependent manner. TaqMan microRNA real-time quantitative
PCR assays (Applied Biosystems) for miR208a in cardiomyocytes
in the presence of different concentrations of TGF-b1for 4
hours (n Z 3/group). *p < 0.01 versus control; **p < 0.001
versus control.
642 B.-W. Wang et al.specific sites in gene promoters.29 The MHCb promoter se-
quences have specific sites that are complementary to
miR208a. It is also possible that increased MHCb could be due
to suppression of other targets of miR208a, which we did not
find in the present study.
In summary, our study reports, for the first time, that
cyclic mechanical stretch enhances miR208a expression in
cultured rat cardiac myocytes. The stretch-induced
miR208a is mediated by TGF-b1. The induction of miR208
in cardiomyocytes by mechanical stretch may elucidate the
potential mechanism responsible for hypertrophic growth
of cardiomyocytes.
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